In this study, the asymmetry of the main effects of action, background and tonal frequency during a pitch memory processing were investigated by means of brain activation. Eighteen participants (mean age 27.6 
INTRODUCTION
Human primary auditory cortex (A1) which includes Heschl's gyrus (HG), also known as Brodmann area (BA) 41, is located on the posterior two-thirds of the supratemporal plane in both hemisphere (Boatman 2006) . Posterior to Heschl's gyrus on the supratemporal plane is plenum temporale (PT) while anterior to it is plenum polare (PP). These three auditory structures (HG, PT and PP) form the auditory core. A1 receives input directly from the medial geniculate body (MGB) as well as from the contralateral auditory areas, via a central hub known as corpus callosum (Langers et al. 2005) . Surrounding the auditory core is a narrow area known as the belt which receives input directly from the auditory core (Galaburda & Pandya 1983) . This belt area is also known as BA42. Adjacent to the belt area is the parabelt which extends onto the lateral surface of the posterior superior temporal gyrus (pSTG), which is also known as BA22. Input into the parabelt area comes from the belt as well as from the MGB. The output from the parabelt area will be transmitted to other areas outside auditory areas in the temporal, parietal and frontal regions (Romanski et al. 1999) .
Despite extensive neuroimaging studies conducted to reveal the contribution of the primary auditory cortex (PAC) in auditory processing (Hamid et al. 2012; Langers & van Dijk 2012; Yusoff et al. 2011) , its role during the performance of pitch discrimination still remains unclear. For example, when the task is performed with the presence of distracting background noise and when the stimuli are pure tones with different frequency levels (Yusoff et al. 2013) . In many circumstances, the results yielded were not uniform and sometimes contradictory. Furthermore, even though it is known that activations in PAC are evoked contralateral to the ear that receives the stimulus, the lateralization of the PAC activations due to different types of stimuli has hardly been studied.
There have been debates on the specialized function of the right and left hemisphere auditory cortex as well as other cortices in processing speech and non-speech stimuli. Previous studies revealed that neither left temporal lesion nor lobectomies would affect one's ability for pitch judgment and melodic discrimination but it was the opposite for the right thus showing that left and right auditory areas possess different auditory perceptual functionality. It has long been known that tonal or spectral content of stimuli such as noise, pure tones and music evoke more responses in the right hemisphere auditory cortex while activation in the left auditory cortex is attributable to temporally complex, rapidly changing sound characteristic of stimuli such as speech and words (Burton et al. 2012; Hwang et al. 2005; Specht & Reul 2003; Tervaniemi & Hugdahl 2003; Zatorre et al. 1992) . However, in a study on lateralization of the brain cortices, speech was associated with enhanced activity in the superior temporal cortex of the language-dominant left hemisphere, as well as in the superior and middle temporal cortex of the right hemisphere (Alho et al. 2003) , showing a bilateral functional specialization characteristics. On the same ground, the left hemisphere auditory cortex has also been associated to the processing of non-verbal stimuli (Obleser et al. 2008; Zatorre & Gandour 2008) such as pure tones .
We undertook the current study to test the presently accepted dichotomy of the primary auditory cortex in a pitch memory experiment conducted in an fMRI environment using different background and tonal frequency. The purpose of this study was to investigate the effects of motor action, background noise and tonal frequency on the asymmetrical processing of the related brain areas. The main effect of action should occur in the primary motor area, contralateral to the hand that was used to respond to the task. It is hypothesized that ignoring the type of action, pitch discrimination in quiet and in noisy conditions evokes similar height and spatial extent of activations. We also hypothesized that similar brain activation pattern will be evoked in discriminating low and high frequency tones, ignoring the background conditions.
METHODS

PARTICIPANTS
This study was a part of a comprehensive assessment of human cortical activation during the performance of a pitch memory task (Yusoff et al. 2013) . Eighteen healthy right and left-handed Malay participants (14 right handed, 4 left handed, 8 females), aged 20 to 40 years old (mean = 27.6 years, standard deviation = 4.4 years), agreed to participate by filling in the informed consent and screening forms. Prior to signing, the participants were given full explanation about the nature and risks to the research, as required by the Institutional Ethics Committee (IEC) (Reference no. NN-197-2010) . All participants had no hearing impairment and no history of long time exposure to loud noise. The participants' hearing level for both ears were not greater than 30 dB (HL) in the frequency range of 250-8000 Hz. None of the participants received any musical education or training.
fMRI SCANS AND STIMULI
A sparse temporal sampling functional magnetic resonance imaging (STS-fMRI) was used in this study to avoid the auditory paradigm to be interfered with the scanner sound. There were altogether 218 functional scans in every imaging session. The first two scans were dummies and were automatically discarded by the BOLD imaging protocol to eliminate the magnetic saturation effect. Each functional volume consisted of 35 axial slices that were acquired in 3-s acquisition time (TA) with an inter-scan interval (TR) of 13 s. The STS-fMRI scans were performed using a 3-tesla magnetic resonance imaging (MRI) system (Siemens Magnetom Verio).
The post-stimulus scans were carried out following the delivery of series of pure tones that were generated using Adobe Audition 2.0 software (Adobe Systems Inc., San Jose, CA, USA). The tones were alternatively delivered in a quiet (Q) and in a white background noise (N). Six pure tones of 700 Hz, 1000 Hz, 2000 Hz, 3500 Hz, 4000 Hz and 4500 Hz were used as stimuli. All the pure tone stimuli were recorded and presented at equal amplitudes.
DATA ACQUISITION
Each STS-fMRI session had 36 trials and each trial consisted of six conditions. The six conditions that contained a trial were i) no stimulus in quiet condition (Q) in which the participants were instructed to stay calm, ii) stimulus presented in a quiet background (SQY) in which the participants were supposed to respond (by wringing the rubber bulb using the left hand), iii) stimulus presented in a quiet background (SQN) in which the participants were not supposed to respond, iv) stimulus presented in a noisy background (SNY) in which the participants were supposed to respond, v) stimulus presented in a noisy background (SNN) in which the participants were not supposed to respond and finally vi) listening only to white noise stimulus (N). The stimulus which was a series of pure tones named as the target tone f 0 ) and the distracting tones (f 1 , f 2 , f 3 and f 4 ) were grouped together in either high (3500 Hz, 4000 Hz, 4500 Hz) or low frequency (700 Hz, 1000 Hz, 2000 Hz) category. Any tone may appear twice in a series of distracting tones.
The stimulus was binaurally delivered to the participants via an MRI-compatible headphone connected to a digital audio playback system through an air conducting tube. The intensity level of the stimulus was kept constant at 70 dB sound pressure level (SPL). The white noise, pure tones in quiet background and pure tones in noisy background were satisfactorily received and heard, as claimed by the participants. The duration of the stimulus from the onset of f 0 until the end of f 4 was 6 seconds. The duration of f 0 was 2 seconds while each of the distracting tone lasted 0.8 seconds. The gap between consecutive tones was kept at 0.2 seconds. The participants were instructed to pay attention, recognize, discriminate and match the target tone ( f 0 ) with the last tone ( f 4 ) of the four distracting tones. If the participants noticed that both the f 0 and f 4 were similar, they were required to wring the rubber bulb using his/her left hand and remained calm if otherwise.
SPATIAL PREPROCESSING OF DATA
The fMRI data were analyzed using MATLAB 7.4-R2008a (Mathworks Inc. MA, USA) and Statistical Parametric Mapping (SPM8) (Functional Imaging Laboratory, Wellcome Department of Imaging Neuroscience, Institute of Neurology, University College of London). Functional images from each measurement were realigned using the 6-parameter affine transformation in translational (x, y and z) and rotational (pitch, roll and yaw) directions. The normalization procedure used a 12-parameter affine transformation. The images were then smoothed using an 8-mm full-width-at-half-maximum (FWHM) Gaussian kernel. Low-frequency responses caused by aliased biorhythms, cardiac effects and other oscillatory signal variations were removed using a high-passed filter.
STATISTICAL ANALYSIS
The details regarding model specification for individual and group analyses are given in (Yusoff et al. 2013) . In this study, three factors which were motor action, background noise and tonal frequency were used to determine the BOLD signal change over baseline e.g. the height and spatial extent of activation during pitch memory processing. The determinations were accomplished using a two-way repeated measure ANOVA in a random effect analysis (RFX) framework in the second level analyses. The analyses were divided into i) action vs. background experiment with Action (2 levels: to wring and not to wring) and Background (2 levels: quiet and noisy) as factors (and levels) and ii) frequency vs. background experiment with Frequency (2 levels: low and high) and Background (2 levels: quiet and noisy) as factors (and levels). The main effects were reported at p < 0.05 corrected for multiple comparisons.
RESULTS BRAIN ACTIVATION DUE TO THE MAIN EFFECT OF ACTION
As can be seen in in Figure 1 and Table 1 , there is only a single cluster of activation (145 voxels) that survived the height threshold of α = 0.05, corrected for multiple comparisons. The activation was fully right lateralized and centered on the right pre-central gyrus (PCG), activating parts of BA6, BA4a and BA1. The activation is contralateral to the left hand that was used by the participants to wring the rubber bulb in responding to the stimuli.
BRAIN ACTIVATION DUE TO THE MAIN EFFECT OF BACKGROUND
The results obtained from ANOVA in search of any activated voxels that survived the height threshold of α = 0.05 for the main effect of background are given in Figure 2 and Table 2 for both the action vs. background and frequency vs. background experiments. Similar patterns of activation for the main effect of background were obtained from the two experiments. The background (white noise) had activated the primary auditory cortex (PAC) bilaterally with the maximum intensity voxel centered in the right Heschl's gyrus (HG) and left superior temporal gyrus (STG), from which the right hemisphere area having a greater height and spatial extent of activation as compared to the left. The activations were found to occur specifically in the bilateral TE1.0, TE1.1 and TE1.2. From the brain activation data shown in Table 2 , it can be concluded that the main effect of background from the two experiments are strongly right lateralized. The results are consistent with our previous findings using a t-test (Yusoff et al. 2013 ).
The asymmetry of activation is also observed in terms of the location of the center of activation in which the point of maximum intensity in the right hemisphere is not the mirror image of the point of maximum intensity in the left hemisphere. The magnitudes of the displacement between the two maximum intensity points for both the action vs. background and frequency vs. background experiments are 7.48 and 10.95 mm respectively.
BRAIN ACTIVATION DUE TO THE MAIN EFFECT OF FREQUENCY
The results for the main effect of frequency for the frequency vs. background experiment are given in Table  3 and Figure 3 . At a corrected (p < 0.05) significant level, two small clusters of activation of equal size and intensity were found in the right HG and left STG (bilateral TE1.0). This activation of high specificity clearly indicates a symmetrical activation but an asymmetry in the location of the activation center in which the point of maximum intensity in the right hemisphere is not the mirror image of the point of maximum intensity in the left hemisphere and both are displaced by a distance of 11.49 mm.
INTERACTION
From the ANOVA results, no voxel survived the height threshold of p < 0.05 for the interaction, indicating that no significant interaction existed between action and background and between frequency and background. 
DISCUSSION
In our previous study (Yusoff et al. 2013 ) using a t-test, we identified regions of cortical activation in response to action (To wring > Not to wring), background noise (Noisy > Quiet) and frequency (Low > High and High > Low). We found no significant activation for the comparisons "Not to wring" > "To wring" and "Quiet" > "Noisy." However, the activation obtained from the t-test was significant only at uncorrected significant level (p < 0.001). In this study, we used ANOVA to investigate the main effects and obtained brain activations that are similar to the results of the t-test but at a corrected significant level (p < 0.05). It is thus believed that reliable results of brain activation would be produced when the analysis takes into consideration the variance that persists. The findings are reported in the following paragraphs. Our results demonstrate that the significantly (p < 0.05) activated right pre-central gyrus (PCG) for the main effect of action is mainly due to the action done by the participants to respond to the pitch discrimination task by wringing the rubber bulb using their left hand, regardless of whether the task is done in quiet or in noisy background. The participants' action was limited to the left hand, thereby resulting in an overall higher activation in the right PCG (Bangert et al. 2006 ). The PCG is well known for its contralaterality behavior (Manan et al. 2015; Yusoff et al. 2013) . Contralaterality refers to the way the cortex fibre receives signal predominantly from the contralateral limbs (Bernal & Altman 2001) . Results from previous neuroimaging studies on human have reported that PCG is activated during various voluntary hand movements (Ehrsson et al. 2000; Manan et al. 2015; Roland & Zilles 1996; Yusoff et al. 2010) . Furthermore, PCG, the supplementary motor area (SMA) and the premotor cortex (PMC) were activated whenever a movement is triggered using the hand (Colebatch et al. 1991; Grefkes et al. 2008 ). In addition to that, PCG could have also been implicated with its role in absolute pitch (AP) perception (Wengenroth et al. 2014) according to the nature of the present task which involved sensation (listening to the delivered tones), cognition (recognizing and decision making) and action (to wring or not to wring the rubber bulb). Absolute pitch perception refers to the auditory ability to effortlessly identify or recognize a given pitch of any tone without the use of any external reference (Zatorre 2003 ) such as reference tone or target tone. Several brain areas have been associated with AP perception including the motor and premotor cortices which were described as being involved in early component of pitch processing Schulze et al. 2009 ). Other multisensory and different network components (such as inferior parietal lobe, Broca's area, dorsolateral prefrontal cortex and parietal regions) which had been activated in auditory perception were also thought to have their own specific roles in pitch discrimination although some are only partially understood (Zatorre et al. 2007 ).
The right lateralization of the main effect of background in this study was subjected to the presence of white noise. White noise is much more complex than simple pure tones. It is produced by adding together pure tones of different frequencies, levels and temporal alignments (phases) (Gockel et al. 2006) . It is therefore appropriate to assume that white noise has a variety of spectral form of wave and may likely to cause right lateralization of activation in the PAC during the pitch discrimination task. It has been known (Zatorre et al. 2002) that the right PAC is specialized in processing spectral information effectively and has a high spectral resolution. Previous studies (Alcock et al. 2000; Hyde & Peretz 2004; Murayama et al. 2004 ) demonstrated that lesion affecting the right temporal cortex impaired specific spectral processing skill. This is in line with the facts that right PAC is better in the processing of complex spectral information (Johnsrude et al. 2000; Patterson et al. 2002) but at the expense of temporal resolution (Jamison et al. 2006) . As opposed to left PAC, the right PAC appears to be denser with more interconnected columnar structure within it which are close together making it appears more conducive in evaluating and coding fine frequency distinctions (Anderson et al. 1999; Morand et al. 2001) . Another interesting explanation for the right lateralization of the main effect of background is by referring to the analysis of the fine spectral structure of sound which is dedicated to music perception. Asymmetry towards the right hemisphere was found when the stimulus contains melodic information as opposed to constant pitch stimuli which showed symmetrical bilateral activation of primary and non-primary auditory cortices (Zatorre et al. 2002) .
Asymmetrical bilateral activation in the PAC due to various stimulus presentations has been observed in many previous studies (Celsis et al. 1999; Griffiths et al. 1999; Hwang et al. 2005; Platel et al. 1997; Zatorre et al. 1994 ). Listening to melodies had caused increasing blood flow to the bilateral superior temporal cortex in particular the STG with right lateralized activation, while discriminating pitches resulted in additional right lateralized prefrontal cortex (PFC) (Zatorre et al. 1992 ) and inferior frontal gyrus (IFG) (Zatorre et al. 1994) . In another pitch memory experiment, an extensive right lateralized network comprising of posterior temporal gyrus (pSTG), cerebellum and IFG was observed (Griffiths et al. 1999) . In contrast, more left hemispheric activities in precuneus, STG and superior frontal gyrus (SFG) were observed when the participants were required to detect changes in pitch (Platel et al. 1997) . When the participants were presented with deviances in tonal sequences, a rightward asymmetry was observed in PAC and secondary auditory cortices (SAC) while the posterior temporal lobe regions indicated a leftward asymmetry (Celsis et al. 1999) . In this study, the main effects of frequency were obtained when the participants discriminated pure tones. In contrast to the asymmetry of the main effects of background explained earlier, symmetrical bilateral activation in the PAC was observed in terms of the height and spatial extent of activation at a corrected significant level (p < 0.05), see Table 3 and Figure 3 . Similar results were obtained in a previous study that used pure tones as stimuli in which musician and non-musician were compared in terms of their brain activation during a pitch memory task. Non-musician showed more right primary and left secondary auditory cortex activation as compared to musician, while this study which was conducted on non-musician participants revealed significant activation in the right HG and left STG. These results suggest the equal sensitivity of the bilateral PAC in pitch memory processing when the frequency is taken as the factor, as opposed to their unequal role in response to the same task when background noise is taken as the factor. Despite the presently accepted dichotomy that the left PAC is more sensitive to tonal processing, this study reveals that PAC showed no hemispheric preference. The results also suggest that normal participants rely on these brain regions, which were widely known for their sensory role, for pitch memory processing.
During the pitch discrimination task, the bilateral activation in response to discriminating tonal frequencies is attributable to the low frequency tones rather than high frequency tones. This is supported by the results of our previous study using a t-test which indicated that regions that show more activation in discriminating low frequency tones as compared to high frequency tones were bilateral STG, left HG and right insula, while regions that show more activation in discriminating high frequency tones as compared to low frequency tones were putamen and hippocampus (Yusoff et al. 2013 ). In addition, behavior analysis results showed that participants were found to be better in discriminating low frequency tones as opposed to high frequency tones. An explanation pertaining to this is described elsewhere (Glasberg & Moore 1986) . The study implemented a model of pitch perception for complex tones such as voiced speech which used a combination of both spatial and temporal information. In the model, initial frequency analysis divided up the spectrum into frequency bands or channels (the auditory filters). The temporal information (fiber firing rates) of each channel was then processed separately. It follows later that the temporal analysis of fundamental frequency of the tone was most accurate in the low frequency region where the harmonics were resolved, permitting temporal analysis of a single harmonic per auditory filter thus explaining why the participants were better in discriminating low frequency pure tones. Furthermore, the auditory cortex is specialized at resolving those low frequency harmonic and thus enabling the temporal processing and coding.
Another asymmetrical behavior shown by the PAC due to the main effects of background and frequency is in the coordinates of the maximum intensity voxel, which is thought to be the processing center (Table 3 & Figure 3 ). The processing center in the left and right hemisphere PACs seem to be in different anatomical area but are still located in the PAC. In comparison with the results obtained by which found right PAC and left SAC as the processing centers, this study indicated right HG and left STG as the processing centers for both the main effects of background and frequency. Since both ears received the stimuli bilaterally equal, which in turn projected symmetrical bilateral activation in both hemispheres, the results probably indicated different specialized area in each hemisphere to undertake the same task or they could be due to similar functional specialization of HG and STG in pitch memory processing, at least in the context of this study.
There are several limitations in the study design that may have adversely affected the results (Yusoff et al. 2013) . The first concern is about the potential habituation of each participant. Varied individual personality, comfort-level in the scanner and exposure to past scans could potentially introduce additional physiological noise into the fMRI results, affecting habituation and leading to erroneous conclusions. Possible solutions to habituation would be prior and repeated exposure to the entire experimental paradigm (including sensations and sounds) in a mockscanner setup to at least minimize the "initial novelty" of this experience. In addition, the participants could be put through an initial period of exposure at the beginning of the experiment to ensure habituation prior to recording actual data. This first concern is about the duration of dead time during which the participant's brain is supposedly recovering from the scanner sound. This rest period of no stimulus delivery which is in between the EPI scan and the next stimulus presentation should be made longer for a complete recovery of hemodynamic response from the scanner sound. Secondly, subjects' hand dominance might have confounded the results. Hand dominance has been shown to cause different activation in cognitive regions. Future studies should select subjects that have same hand dominance.
CONCLUSION
The main effect of action is in accordance with the contralateral voluntary behavior of PCG in motor coordination. The PCG is well known for its function as a site for preparatory and execution of a movement and may also act as one of the pitch centers in pitch memory processing. The pitch discrimination task used in this study revealed certain points regarding the asymmetry in auditory cortex. Right lateralization of PAC for the main effects of background clearly demonstrated its functional specialization while for the symmetric main effect of frequency indicated equal specialization of the bilateral PAC which was undertook by different brain area particularly the right HG and left STG as shown by the asymmetry of the processing center in the right and left PAC. It can therefore be concluded that the right and left PAC may have different or similar perceptual functionality in terms of spectral and temporal processing respectively at the expense of one another. HG and STG, in particular, are believed to act not only as the pitch center but also as the center for pitch memory processing, similar to PCG. This study has shown that the temporal-spectral lateralization dichotomy is not especially rigid. Future studies should focus on the differentiation of the low and high frequencies brain activation the methods in measuring it.
